Abstract: This paper presents the latest developments in the project Next Generation Subsea Inspection, Maintenance and Repair (IMR). Subsea IMR operations are frequently carried out in the offshore oil and gas business. Increased efficiency in such operations will reduce time of operations and costs. Autonomous functionalities constitute an enabler for such reduction. To this end, the project is focusing on technologies, algorithms and methods required for enabling the right level of autonomy and humanmachine interaction in IMR operations. This includes new perception, localization, path-planning, and shared control technologies, as well as new methods for risk management. Although NextGenIMR has a particular focus on subsea operations in the oil and gas industry, the technologies developed will also be highly relevant for IMR operations in fish farms and in deep sea mining.
INTRODUCTION
Maintaining high regularity with subsea facilities requires reliable installed equipment, but also efficient ways for inspection, monitoring, early detection of equipment fault, maintenance and repair. This paper presents some preliminary results from the project Next Generation Subsea Inspection, Maintenance and Repair (NextGenIMR). The project is headed by the Norwegian University of Science and Technology (NTNU), funded by the Norwegian Research Council, Statoil Petroleum AS and FMC Technology AS and SINTEF is a research partner. Subsea processing is the factories of the future for the oil and gas industry and is being developed for deep water and artic areas. The Norwegian oil and gas company Statoil aims to install the first subsea factory in 2020 and has in 2015 installed the world's first subsea compressor in the Åsgard field (statoil.com). Subsea factories of the future constitute complex installations including pump stations, compressors, storage tanks etc. The next generation of inspection tools and sensor platforms may be situated on the sea floor in garages next to the factory in an on demand state, as e.g. AUV inhabitants. Vessel independent hot-stab operations, automatic connector inspection, autonomous docking, and component replacement is the foreseen future. There exist more than 5000 subsea wells on the Norwegian Continental Shelf and with aging equipment it is expected that the need for inspection and repair operations will increase significantly during the next years. Moreover, there is a risk for damage to the subsea equipment due to collision with unknown objects, entanglement in fish net, as well as component failure.
Today most subsea IMR operations are performed with the support of offshore vessels of the type shown in Fig. 1 . Currently, all IMR operations require support from an offshore vessel, remotely operated vehicle (ROV) systems, tools and experienced ROV operators. The day rate for a support vessel is in the range of hundreds of thousands of dollars, depending on the vessel size and zone of operation. Vessels available in the spot market operate on-demand and this may increase the prize and time of operation. Moreover, there is always a need for open weather windows to be able to perform IMR operations. Current most industrial ROV operations are manually controlled, with little or no automatic control functions nor autonomy. Efficiency in operations is highly dependent on the experience of the ROV operator (Schjølberg, et.al (2015) ). Autonomy in ROV operations is a stepping stone towards increasing the efficiency and thereby reducing the costs. Shared control in ROV operations is the solution to reduce work load on operators, reduce human errors in operations and increase efficiency (Henriksen et.al., 2016) ). In shared control some operations are performed autonomously and some directly by the operator. There is a need for developing a flexible control architecture which can be implemented on existing ROV systems, supporting shared control and enabling the operator to switch between different control modes.
Typical IMR vessels have on-board ROV system, a ROV operation room and ROV operators (Fig.2) . The operation room has camera images giving the operator continuous information on the operation. The operators perform direct control of all ROV degrees of freedom as well as ROV manipulator arms. Success and efficiency in operation is totally dependent on the operator's experience and situation awareness at any instant of time.
ROV control can be divided into three main modes of operation.
• Direct control. The operator controls each degree of freedom directly via joystick or similar unit.
• Shared control. A selection of modes is performed autonomously, while others are performed by the operator. The operator is in the loop, can interrupt and initiate the modes.
• Autonomous control. A task or a whole operation is performed autonomously. The operator has a supervisory role. There is a need for discussing and evaluating which operations can be performed autonomously and which functionalities should be located on the ROV. The target is always to find the best degree of autonomy and humanmachine interaction in operations which optimizes factors such as efficiency, safety, cost (development, engineering, operations, de-commissioning), and reliability (Grøtli, et al., 2015a,b The above mentioned operations require a high degree of flexibility in the ROV system and in the operation as unexpected events may occur. This is especially during installation and support operations. Performing such operations autonomously is therefore very demanding. Moreover, robust ROV systems are required to handle the splash zone (during launch and recovery), strong current and to supply sufficient manipulator torque.
A distributed control architecture is required to enable autonomous functionalities in ROV control. An assessment of which functions to place remotely and which to place locally on the ROV is needed. Fig.3 shows a possible allocation of functionalities. Placing as many a possible locally on the ROV is an advantage as it reduced the data traffic on the communication link and ROV is less dependent on surface support. The most advanced installed functionality on working class ROVs is Dynamic Positioning (DP) or station-keeping. DP uses on-board sensors and is further described in Dukan et.al (2012) . Including other functionalities such as autonomous inspection and intervention modes requires navigation and guidance which include localization and path planning. These functionalities are today performed by the operator. Fig. 4 suggests technology steps in NextGenIMR project.
Fig. 4. Technology steps for autonomy in ROV operations
Reduced size and increase accuracy for ROV sensor systems such as IMU, Doppler Velocity Log, depth sensor etc. provides the operator with more accurate information on the system state. In addition, the use of virtual reality and 3D vision systems will improve the operator's situation awareness. There is a continuous improvement in training simulators and all of these elements will lead to increased efficiency in operations. Shared control will be applied to a larger extent in remote operations in the future. Robust perception, localization and collision-free motion planning algorithms are essential for the development of autonomous functionalities for the ROV. This will be further discussed in the following sections.
Section 2 presents a typical use case where shared control could increase efficiency. Localization and path planning is discussed in Section 3. Section 4 discusses risk management aspects and Section 5 holds the conclusions.
USE CASES
A number of IMR use cases have been considered in NextGenIMR. The project has specifically addressed replacement of a Subsea Control Module (SCM) as an advanced use case. This use case was chosen since 1) the task is carried out relatively often, 2) the task has a significant potential for cutting costs, and 3) it is important to replace an SCM quickly since a subsea facility cannot continue to produce hydrocarbons before a faulty SCM has been replaced. Moreover, an SCM replacement task includes many sub-tasks similar to those found in other frequent ROV operations.
An SCM is a metal canister, housing redundant subsea electronic modules (SEM) which provides two-way communication between topside and subsea facilities. The SCM houses hydraulic directional control valves (DCVs) used to operate subsea valves either autonomously or by emergency push-buttons installed topside. The sequence step for change of SCM is given in Hedge et al . (2015a) . Each step must be analyzed with respect to existing infrastructure and functional requirements must be identified. To this end, we have analyzed an SCM replacement operation using Autonomous Job Analysis (AJA) (Grøtli, et al, 2015b) . AJA is a structured approach to break-down and analyze operations which includes autonomy. The main purpose of AJA is to uncover overall operation modes, design challenges, and needs and limitations regarding autonomous behavior, as well as to facilitate to build a common understanding of the operations between all stakeholders (designer, client, operator). A result from AJA was a list of relevant technologies necessary for an increased level of autonomy for SCM replacement operations:
• Perception: 2D/3D object detection/localization, check indication marks, quality control, tactile sensing and 3D collision detection.
• Navigation: 2D/3D localization of ROV relative to subsea template.
• Path-planning and control: Collision free pathplanning for ROV and its manipulator arm(s), force control, object handling, and linear insert/remove operations.
Design guidelines for equipment is also an important -i.e., design which makes it more easy for an ROV to carry out some operations autonomously.
A number of autonomous ROV functionalities can be realized with the above mentioned technologies within perception, navigation, path-planning and control. In the following, we present some of these which are particular relevant for shared control and the NextGenIMR use cases. Autonomous path-planning: Current ROVs/AUVs can fly semi-autonomously. In order to achieve a higher degree of autonomy in operations, these capabilities can be extended to include guaranteed collision-free motions of the vehicles through the use of input from onboard sensors and 3D models of the subsea templates into path-planning and motion control systems. Automated inspection rounds with autonomous flying: An ROV or AUV can autonomously carry out predefined inspection rounds on the subsea template(s). Inspection data is gathered, time-stamped and geolocated (relative to the subsea template) automatically. Hence, new measurements can more easily be compared to historical data. In addition, a single operator can supervise several underwater vehicles.
Automatic deviation detection and quality control:
Data gathered by an ROV/AUV are automatically analysed and compared to previous measurements (if available) to look for, e.g., leakages and damages. Errors are reported to an operator which can choose to inspect further to confirm inspection results.
Autonomous contact-based operations: Both contact-based (e.g., intervention) and non-contact based operations (e.g., visual inspection) have the potential to be carried out autonomously. Non-contact operations are in general much easier to be carried out, and could therefore be targeted first in a step-wise approach to increased autonomy in subsea IMR operations. Contact-based arm operations require systems for collision-free path-planning and automatic control of the arm.
LOCALISATION, PATH PLANNING AND PERCEPTION
Localization, also sometimes denoted "self-localization", is the understanding of one's position and attitude relative to the surrounding. While localization is used to determine where an ROV is, path-planning, on the other hand and loosely speaking, is used to determine where the ROV should go and how it should get there. Perception is used to measure and interpret the environment of an ROV. Perception can provide input to both localization (e.g., determine the position of an ROV relative to subsea infrastructure) and path-planning (e.g., detect obstacles).
Localization, path-planning and perception are a key enabling technology for increasing the level of autonomy (SPARC, 2015) . In the following, we outline some of the results from NextGenIMR within these technology areas.
Available sensors such as cameras, sonars, acoustic transponders must be combined to design a localization system that can provide sufficient input for high-precision localization and a degree of accuracy which enables intervention.
On-going project work includes the development of localization system for ROVs with a framework for localization which is scalable (add new sensors/filters/etc.), modular (distribute and divide system components), and reconfigurable (adapt to new robots/systems).
The localization system has been implemented with an errorstate Kaman filter and tested with sensor data from an ROV (SF 30K) from NTNU AUR-lab The ROV SF 30k is an electric work class ROV custom built for research in general, and specially for the Ormen Lange archaeology project (Søreide, 2011) . Noise and drop-outs to the sensor data from the ROV was added to test the performance of the localization system. The results are illustrated in Fig. 5 .
The next steps include to adapt the localization system to a sensor setup for a SeaBotix LBV600 which has earlier been used by FMC for a subsea manifold repair operation on 365 meter depth (Teledyne Seabotix, 2016) . Subsequently, the output from the localization system will be compared to a camera-based high-accuracy external localization system available at NTNU. Activities in NextGenIMR includes the development of motion observers for estimation of position, orientation and velocity for underwater vehicles (Stovner et.al (2016) ). This work is essential to enable localization and thereby autonomous tasks. A low cost LBL ranging system is assumed to offer pseudo-ranges and pseudo-range-rates from time-of arrival (TOA) measurements retrieved with a requestrespond strategy from receiver to LBL-transponders. In this set up, the uncertainty of unknown speed of sound in the surrounding water, denoted the wave speed, affects the measurements. This is accounted for in the motion observers. Fig. 6 . Structure of localization estimation system (Stovner, 2016) The development in communication technologies opens up for increased degree of wireless communication underwater with low cost senders and receivers. Acoustics has a large potential also for short range transmissions. The challenges with underwater acoustics is geometrical spreading, absorption loss and one-way transmission loss. Moreover, thruster noise and reflection from equipment may affect the transmission (Christ, et.al. (2014) ). Therefore, robust filters for motion estimation are required.
Positioning relative to the surface vessel is essential for navigation in the phase when the ROV is moving from the surface and down to the structure.
Outlier detection and rejection is an important step toward more robust underwater navigation systems. Lekkas, et.al (2015) presents a method for detecting and rejecting outliers in navigation filters. In this work acoustic positioning measurements are combined with absolute velocity measurements from a DVL (Doppler Velocity Log) sensor in order to robustify when the vehicle navigates in the operative range of the DVL. The accuracy of the approach was demonstrated using experimental data acquired during ROV operations.
NextGenIMR also targets subsea perception. To this end, we investigate the performance of structured-light based 3D sensing technology for subsea object detection and localization, and develop new algorithms to adapt to subsea conditions. Structured light can be used to generate full 3D images with micrometer resolution. The working principle is to illuminate an area of interest with light stripes and calculate a 3D image of the area based on how the light stripes distort. Fig. 7 shows one of the test setups we have used for the sensor. In this setup, we investigate detection of a "fish tail handle" -a typical structure which is used on subsea equipment in order to enable ROVs to perform grab and handle operations on the equipment. 
SIMULATION ENVIRONMENT
A novel underwater simulation environment is under development (Henriksen, et. al (2015 (Henriksen, et. al ( , 2016 ). The simulation environment builds on the Modular OpenRobots Simulation Engine and enables real 3D physics engine with collision detection. The simulation environment is modular enabling various vehicle dynamics, controllers and sensor packages. Acoustic underwater communication is implemented as the main communication channel. A screen shot is shown in Fig.8 . Fig. 8 . Screen shot from the simulator.
RISK MANAGEMENT
Risk management is crucial in decision-making processes, and is important to achieve safe and cost-efficient design and operation. Risk management consists of risk assessment, monitoring, control, and follow-up of risk (ISO 31000, 2009 ). The development of autonomous functionality in ROVs means that current ROV standards and guidelines may not be sufficiently relevant, because they may not include efficient requirements for safe design and operation. Hence, a review of all relevant ROV standards and guidelines was performed, along with a case study on the replacement of a subsea control module (SCM) (Hegde et al., 2015a) . The review shows that existing standards (mid-2015) only to a limited extent address specifications related to autonomous subsea interventions. The case study demonstrates that there are knowledge and technology gaps, e.g., related to functional safety, which challenges the development of future autonomous IMR operations.
Risk management is important during planning of an operation to increase mission success, but it is also necessary to be aware of risks when the operation is ongoing. Shared control means that both the system (ROV) and the operator should handle information about the risks related to the operation. One approach for developing improved decision support is to use a fuzzy inference system as a basis for aiding safety decisions (Hegde et al., 2015b) . More autonomous functionality means that the ROV needs to be able to handle faults and potential failures independently of a human operator. Fuzzy logic is a method which enables precise decision outputs derived from imprecise input, which often is the case in real operational scenarios. A case study was used to demonstrate the approach, focusing on ROV envelopes and the technical condition of a resident ROV. In the case study, the envelopes are considered to be constantly defined at specific distances from the ROV, see Fig. 9 . When the ROV approaches the subsea structure, other resident ROVs or obstacles, the envelope may change from "green" to "orange" or "red", depending on distance. The risk of collision, for example, can be assumed to be higher in the red (closest) operating envelope than in the green one, which is farther away. In the case study, the input to the decision basis is the operating envelope of the ROV and the state of its multi-beam echo sounder. The fuzzy rule set then determines the decisions made and actions that should be taken, for example, if the ROV should "return to reference point" or "discontinue mission". Current work focuses on developing risk indicators for autonomous ROV operation. Risk indicators are based on risk models and can be used to plan the optimal path of the ROV and make the operator aware of which parts of the path is most hazardous. The operator may then decide whether to change the path or any aspects of the operation, or continue as originally planned. Hence, the indicators may be used as basis both for quantitative optimization or in a more qualitative assessment of trade-offs. Further, it is expected that the risk indicators may also be used in online risk monitoring tools.
CONCLUSIONS
The project has a strong focus on subsea factory design for autonomous intervention. The project especially addresses autonomous platforms but results are applicable to cable connected ROVs that will shift from manual to automatic control with autonomous functions. Advances in sensor technology, communication, ICT architecture design, localization methods, robotics and task-planning opens new possibilities to bridge the gap between manual control and autonomy. NextGenIMR results will be tested, verified and demonstrated in full scale test beds available at NTNU and among industry partners. Although NextGenIMR has a particular focus on subsea operations in the oil and gas industry, the technologies developed will also be highly relevant for IMR operations in fish farms and in deep sea mining.
